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Abstract

Leaf area index is an important dimension of forest ecosystems, providing a measure of the photosynthetic factory and, hence, potential gas exchange and interception of solar radiation by the forest canopy. As such, leaf area index is fundamental to simulating ecophysiological processes like evapotranspiration and net photosynthesis in models of forest productivity.  However, accurate estimation between varying stand conditions and silvicultural regimes remains a challenge.  For this research indirect estimates of leaf area index were compared to direct estimation from destructive sampling in managed Douglas-fir (Pseudotsuga menziesii) forests in northwestern Oregon.  Indirect estimates include measurement of light attenuation by the Li-Cor 2200 Tall Plant Canopy Analyzer and application of leaf area:sapwood area allometric relationships. Estimates from light attenuation ranged between 1.64 and 5.29, from leaf area:sapwood area allometrics between 2.04 and 6.35, and from destructive sampling from 2.64 to 11.47. Underestimation relative to direct estimates from destructive sampling suggests current methods for indirectly sampling leaf area index are inadequate at the desired levels of accuracy.  Improved estimates may be achievable through calibration to local stand conditions and attributes specific to Douglas-fir forests.  
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Introduction

Leaf area index (LAI), conventionally defined as the projected foliage area of plants per unit area of occupied ground, is an important structural parameter controlling forest productivity. LAI represents the total photosynthetic surface area of a stand and therefore stand-level capacity for interception of solar radiation and exchange of water vapor, CO2, and O2 with the surrounding atmosphere (Grier and Running, 1977). Methods of estimating LAI commonly employed in forestry include use of allomteric equations or  ratios for conversion from sapwood area (SA) to leaf area (LA) based on the pipe-model theory (Waring et al. 1982) and estimation of LAI from light attenuation through the canopy (Chen et al., 1997; Dewey et al., 2006, Whitehead et al., 1984). These methods have been proposed to avoid the expensive and time consuming nature of direct measurement of LAI by destructive sampling of plots, trees, or branches, especially those with large and complex forest canopies (Breda, 2003; Jonckheere et al., 2003).  

The appeal of applying leaf area to sapwood area allometrics (LA/SA) is the relative ease of measuring sapwood width at breast height from increment cores. Additionally, the physiological balance between transpiring leaf area and the cross-sectional area of sapwood supplying water to the foliage is well recognized (Grier and Waring, 1977). Patterns in LA/SA over a wide range of forest types have provided a relatively large information base about variation among species, sites, stands, and trees within stands (Waring et al., 1982; Smith et al., 1991). Because SA tapers from the base of the tree to the lowest live branch (Maguire and Batista 1996), LA/SA allomterics have been developed for sapwood area measured at both breast height (SABH) and crown base (SACB).  Stands of varying density will differ in height to live crown (Ritchie and Hann 1987, Hann and Hanus 2004) and, hence, in SACB/SABH. Due to this variability,  LA/SACB is generally considered more stable across stands of varying density. In fact, the relative stability in LA/SACB confers a key advantage relative to LA/SABH allometrics that estimate LA from DBH. 
Estimation of LAI from light attenuation is based on Beer’s Law that established the negative exponential relationship between the amount of incident light that penetrates a light-absorbing medium and the depth into that medium (Campbell and Norman 1998). In forested systems, depth into a medium is represented by LAI. If the correlation between LAI and light attenuation is sufficiently strong, this approach offers a potentially rapid, cheap, and effective approach to estimating LAI (Gazarini et al., 1990; Smith, 1992). Likewise, this approach eliminates the problem of destructive sampling on plots that are intended to be continuously monitored for productivity (Gower and Norman, 1991).  
Successes in measurement of LAI from light attenuation has resulted in a variety of instruments that incorporate Beer’s Law to convert light absorption into LAI (Smith et al., 1991; Bolstad and Gower, 1990).  The Li-Cor 2200 Plant Canopy Analyzer has been developed to estimate LAI from light attenuation for an assortment of canopy structures.  Varying levels of success have been achieved with this instrument in forested systems, in part because light attenuation is affected by not only LAI, but also by the distribution of foliage and surface area in non-photosynthetic tissues, specifically branches and tree boles (Barclay and Trofymow, 2000). Correction of LAI estimates inferred from light attenuation has been achieved by applying foliage clumping factors for Douglas-fir canopies (Smith et al. 1993), and conversely light attenuation has been accurately estimated from simple measures of Douglas-fir stand structure (Smith 1991).  

The goal of this study was to identify the feasibility and accuracy of alternative techniques for estimating LAI of intensively managed stands of Douglas-fir, especially their ability to distinguish relatively small differences in LAI attributable to canopy structure. Toward this goal, the specific objectives of the study were to (1) indirectly estimate LAI from site-specific allometric equations and ratios based on the pipe-model theory, (2) indirectly estimate LAI from light attenuation measured with the Li-Cor plant canopy analyzer, (3) evaluate indirect estimates against direct estimates from destructive sampling for foliage mass, (4) quantify changes in LAI relative to variation in canopy structure.    
Material and Methods

Study Site

Research for this project was conducted within the Panther Creek Watershed on the eastern edge of the Oregon Coast Ranges within Yamhill County and adjacent to the Willamette Valley (Figure 1). Panther Creek covers over 2500 hectares of both  public and private ownership. Elevation across the watershed ranges between approximately 170 and 700m.  Dominant vegetation includes Douglas fir (Pseudotsuga menziesii), western hemlock (Tsuga heterophylla), western red cedar (Thuja plicata), big leaf maple (Acer macrophyllum), and red alder (Alnus rubra). Most of the stands are under active management for timber production. 

The study area can be characterized as having cool, wet winters and hot, dry summers. Periodic drought is common during summer months.   Precipitation averages 1600 mm annually with minimum January temperatures ranging from -2 to 2o C and  maximum July temperatures from 20 to 28oC (ClimateWNA). 

Twenty two circular fixed area plots with a 16-m radius were administered by the USDA-Bureau of Land Management.  For this research, plots were confined to those with ≥ 80% of the total plot basal area in Douglas-fir. The compositional threshold was established because Douglas-fir is the desired commercial species and because a large amount of previous work had been done on the relationship between light attenuation and canopy and stand structure in Douglas-fir stands [CITATIONS]. In contrast, the ecophysiological and morphological information for other species on the site was limited and coul complicate interpretation. Breast-height age of the Douglas-fir trees on sample plots ranged between 21 and 139 years. Plot basal area and tree density ranged from 25.9 to 104.7 m2/ha and 223 to 1255 trees/ha, respectively (Table 1). Nineteen of the twenty-two plots were naturally regenerated after clearcut harvesting; the three remaining plots were planted.  

Sampling Design and Field Measurements

All Standing Trees

Diameter at breast height (DBH) was recorded to the nearest tenth of a centimeter on all live trees on each plot using a diameter tape. In addition, total height (HT) and height to lowest live branch (HCB) were measured to the nearest 0.01m on all trees using a laser hypsometer.

Sapwood Area on Standing Trees

Sapwood area was measured on a subsample of trees on each of the 22 plots. At each plot between 15 and 20 trees ≥ 10cm at breast height were sampled uniformly across the plot diameter distributions. Two cores were extracted from opposite sides of each tree, i.e., separated by 180o around the tree circumference. Cores were taken as close to breast height as possible and perpendicular to the slope of the ground. Sapwood width was measured to the nearest tenth of a centimeter and recorded in the field. If the distinction between sapwood and heartwood was not clearly visible, methyl orange dye was applied to accentuate the division between these two zones.  
Measurements were collected between mid-August 2012 and mid-September 2012 under the assumption that the majority of diameter growth for current growing season had finished and that sapwood area and leaf area had reached equilibrium. 

Sapwood Area on Felled Trees

In addition to cores for sapwood thickness, sapwood was also measured on disks of destructively sampled trees. Sampling was completed on 22 trees across the watershed outside of the research plots. Selected trees represented approximately the 10th, 50th and 90th quantile by DBH of the Douglas-fir population measured on the 22 Panther Creek study plots. Disks were cut out of each tree at breast height and crown base. On each disk, heartwood diameter and total diameter inside bark were measured to the nearest 0.1 cm on the longest axis and on the axis perpendicular to the longest.  Sapwood area for each sample disk was estimated as the difference between heartwood area and total cross-sectional area inside bark, assuming an elliptical cross-section of each.
Li-Cor

Canopy light absorption was measured with the Li-Cor LAI 2200 Tall Plant Canopy Analyzer, designed to estimate LAI by comparing light intensity above and below the canopy (Li-Cor Environmental, Lincoln, NE). Readings were taken through a fish eye lens with five zenith angles to calculate intercepted blue light (320-490 nm).   
Li-Cor samples were collected between mid-August and mid-September 2012 to capture LAI after the completion of the summer growing season.  Readings were taken on clear days before 9 a.m. to minimize variation from sun flecks.  Two types of readings were collected at each plot, “A” readings representing light above the canopy and “B” readings taken under the canopy.  To avoid the challenge of elevating the instrument above the canopy, the A readings were taken in an opening as close to the plot of interest as possible. Readings were taken at least two tree lengths from the nearest tree to avoid shading the lens with the wand  facing west.  A 45o view cap was placed on the lens to account for clumping and gaps in the canopy and to ensure consistency among plots of varying slope.  A readings were taken at fifteen seconds intervals for two minutes prior to B readings, and again every fifteen seconds for two minutes immediately after B readings.

The B readings were taken at thirteen points under the canopy at each plot with the wand held at chest height.  The first reading was taken at plot center with subsequent readings along N, S, E, and W transects (Fig. 2).  Readings were taken five meters and ten meters away from plot center.  On NE, NW, SE, and SW transects readings were taken ten m from plot center (Figure 2). At each point a Li-Cor reading was taken with the wand pointing north, south, east and west.  

When A and B readings were completed, the Li-Cor console provided an LAI estimate in the field.  Data were stored and processed using the Li-Cor FV2200 software.  

Destructive Sampling for Foliage Mass

In addition to the indirect measures of LAI, direct measures were taken by sampling branches from the same 22 destructively sampled trees described above. Destructive sampling provided calibration necessary for evaluation of the two indirect measures of LAI. Basal diameter (cm) and height (cm) were recorded for every live branch on the 22 felled trees.  Crowns of felled trees were then split into thirds by live crown length. Three branches were randomly selected from the top and middle thirds and two branches were randomly selected from the bottom third, totaling 176 sample branches.  Each sample branch was returned to the lab and oven dried; foliage was separated from woody material, re-dried, and weighed to get branch-level estimates of foliage mass. 

Statistical Analysis

Estimated Sapwood Area

Sapwood area at breast height (m2) was estimated for each cored sample tree from sapwood thickness (cm) and DBH assuming a circular cross-section of heartwood and stemwood. The following weighted, nonlinear model was fit separately at the plot level to facilitate estimation of sapwood area at breast height for all trees that were not cored:
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where SAi is sapwood area at breast height (m2) on the ith tree, BAi is basal area at breast height on the ith tree (m2), the β1ks are parameters to be estimated from the data, and ε1i is the error term with  ε1i ~N(0, BAmσ12) and m=1, 2, or 3. Each observation was weighted by the reciprocal of BAm to homogenize the variance of the residuals.  Sapwood area at crown base (SACB) was also estimated on these trees from sapwood area at breast height (SABH) by applying an equation developed for this purpose (Hann and Maguire 2013).
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Sapwood Area Regression Models
Leaf areas of the Panther Creek sample trees were regressed on sapwood area to develop a predictive model specific to the Panther Creek watershed, resulting in the following linear regression model:
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where LASWi represents the leaf area estimated by sapwood area at crown base of the ith destructively sampled tree (m2), SACBi is sapwood area at crown base of the ith destructively sampled tree (cm2), β2ks are parameters estimated from the data, and ε2i is the error term with  ε2i ~N(0, σ22). 

Equation 2 was also fit with the intercept dropped with parameter estimates [image: image10.png]Brac:




Leaf area of Panther Creek sample trees was also estimated assuming the following non-linear form:
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where LASWi and SACBi are defined above, β3ks are parameters estimated from the data, and ε5i is the error term with  ε3i ~N(0,σ32). Plot level estimates of leaf area were made by applying fitted equations [2] and [3] to estimates of SACB on all trees from equation [1].
Leaf Area : Sapwood Area Ratios
Sapwood area was first converted to tree leaf area assuming a ratio 0.54 m2 of leaf area for each cm2 of sapwood area at crown base (Waring et al. 1982).   A second estimate was made interpreting the slope parameter from equation [2] as the average LA/SACB ratio for Panther Creek, given that the intercept term from equation [2] was not significantly different from 0 at α=0.05. 
Total plot leaf area estimated by each above approach was determined by summing leaf area of all Douglas-fir trees on the plot. Total plot leaf area (m2) was converted to LAI by dividing by the plot area expressed in the same units (804 m2).  
Estimated Foliage Mass

Foliage mass (g) at the branch level was modeled with the following log transformed linear regression model:
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where BFMi is foliage mass (g) of the ith branch, BRDi is the basal diameter (cm) of the ith branch, RHi is relative height of the ith branch (proportion), the β4ks are parameters to be estimated from the data, and ε4j is the error term with  ε4j ~N(0, σ42). To estimate total tree foliage biomass, this equation was applied to all the live branches on each felled sample tree. Log bias was corrected by multiplying estimated foliage biomass by eMSE/2 , where MSE is the mean squared error from the regression model (Flewelling and Pienaar, 1981). 

An equation for estimating foliage mass at the tree-level was developed in the form of the following nonlinear regression: 
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where TFMi is foliage mass (g) of the ith tree, DBHi is diameter at breast height (cm) of the ith tree, CLi is crown length (cm) of the ih tree, the β5ks are parameters to be estimated from the data, and ε3i is the error term with  ε5i ~N(0,σ52). Tree level foliage mass was then predicted for each plot tree from the 2012 tree inventory. Foliage mass was converted to leaf area by multiplying by an average specific leaf area of 53.3 (cm2/g) and expanding to m2. Total plot leaf area (m2) was converted to LAI by dividing by the plot area expressed in the same units (804 m2).
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Method Comparisons

After plot-level LAI was estimated for each of the 22 plots, a comparison was made between indirect estimates of LAI and the direct measurement of LAI from destructive sampling. The correlations between the direct estimates and those from the Li-Cor and LA/SA methods were computed to measure the degree of consistency between the alternative approaches.  Additionally, mean difference, mean square difference, mean absolute difference, and mean relative difference were calculated between direct and indirect estimates.  
LAI and Crown Structure
Cross-sectional crown area was calculated for each plot at 0.5-m intervals from the forest floor to the top of the canopy using equations developed by Dubrasich et al. (1997). Next, Shannon’s diversity index (‘H) was calculated by height class for each plot (Kneeshaw and Burton 1997). Correlation between LAI from destructive sampling and crown area was also calculated to show strength of the relationship (Table X).  

Results
Results from this analysis showed, in general, under prediction of LAI from indirect estimates relative to direct estimates from destructive sampling.  A clear trend was visible between increased canopy structural diversity and LAI for direct estimates, while no relationship was evident between indirect estimates and canopy structural diversity.   
Leaf Area Index

Estimates of LAI from the Li-Cor (LAIL) were approximately 35% lower than those from direct measurement of sample branches (LAIFM) on all plots, with the exception of three plots on which Li-Cor predicted higher values of LAI (Figure 3).  The correlation between LAIL and LAIFM was low (-0.06) (Table 4). LAIL ranged from 1.6 to 5.9; LAIFM ranged from 2.65 to 11.47 (Table 5).  Calculated mean difference was 2.70, mean square difference was 14.59, mean absolute difference was 3.01, and mean relative difference was 2.11 (Table 6).   

Estimates of LAI from sapwood allometrics varied between methods of prediction (Figure 4).  Estimates of LAI from the full form of equation [2] were consistently lower than those from the reduced equation [3]. The highest estimates of LAI using sapwood as a predictor were generated by applying the Panther Creek average ratio of leaf area to sapwood area (0.66), followed by the average ratio of 0.54 previously suggested for Douglas-fir in general (Waring et al. 1982). On average, LAI estimates assuming a leaf area to sapwood area ratio of 0.54 m2/cm2 (LAISW) were approximately 27% lower than LAIFM.  Estimates of LAISW using this ratio were between 2.4584 and 5.1962, and its correlation with LAIFM was low and negative (-0.20298). 

 Estimates applying the average leaf area:sapwood area ratio of 0.66 for Panther Creek (LAISP) were on average approximately 6% lower than LAIFM. Estimates of LAISP ranged from 3.0048 to 6.3509, and the correlation between LAISP and LAIFM was again low and negative (-0.20298). The mean difference between LAISP and LAIFM was 1.17, the mean squared difference was 9.11 the mean absolute difference was 2.34, and the mean relative difference was 3.82 (Table 6).   

A trend existed between LAIFM and stand age, DBH (cm), and basal area (m2) (Table 5).  In general, LAIFM increased as average DBH, basal area, and average age increased. 

Of all the methods applied for indirectly estimating LAI, estimates based on leaf area:sapwood area ratios (LAISW and LAISP) were closer to LAIFM than were those based on LAIL.  However, the ability of LAISP for estimating LAIFM decreased when LAIFM was eight or greater (Figure 4). 
Crown Structure
Diversity in crown structure increased with increasing LAI from destructive sampling (Figure 5a). The correlation was high and positive. However, low and negative relationships were evident between indirect estimates of LAI crown diversity (Figure 5b).   

Discussion

Range in LAI

Estimates of LAI from foliage mass were determined to be the most appropriate as they fell with the range of LAI for Douglas-fir observed in other studies (Table 7).  Smith (1993) estimated LAI between 3.2 and 8.9 for sites with basal areas between 10.5 m2/ha and 97.8 m2/ha.  Turner et al. (2000) estimated LAI of Douglas-fir as high as 16 in old growth stands with an average basal area of 84.1 (m2/ha).  Marshall and Waring (1986) estimated LAI values between 12 and 7.3 for old growth Douglas-fir (Table 7).

Li-Cor

Underestimation of LAI from light attenuation measured by the Li-Cor instrument, relative to direct estimates from sampling felled trees, was consistent with findings in several other studies (Chen et al., 1991; Smith et al., 1993).  Underestimation could be due to clumping of foliage which violates the Beer-Lambert assumption that all foliage is randomly distributed, an assumption that is built into the Li-Cor estimates. This assessment is in line with another study that that concluded that underestimates of LAI from the Li-Cor instrument when LAI values were high was due to severe clumping of foliage (Cherry et al. 1998).  

Additional bias in estimating LAI from the Li-Cor instrument probably accrues from light intercepted by non-photosynthetic tissues.  In this regard, any estimate from the Li-Cor could be more appropriately considered a plant area index, although such an index would still be sensitive to the spatial distribution of light-intercepting surface area. In this regard, the Li-Cor measurements would be sensitive to shrubs taller than breast height, tree branches, and tree boles. Cherry et al. (1998) also attributed overestimation of LAI by the Li-Cor, to light intercepted by non-photosynthetic tissues.  At Panther Creek, several Li-Cor overestimates probably resulted from light absorption by heavy vine maple (Acer circinatum) occupying the understory of several study plots.  

To improve the accuracy of Li-Cor estimates of LAI, other studies have developed calibration procedures that range from simple to complex and applied them with varying degrees of success (Cherry et al., 1998; Gower and Norman, 1991). However, each calibration method requires the use of destructive sampling, and because calibration is probably specific to a given stand structure, this requirement for ensuring accurate estimates of LAI from the Li-Cor instrument limits its appeal as a reliable non-destructive approach to estimating LAI.  

Sapwood

The closer match between LAIFM or LAISW and LAISP for smaller values of LAI than with large values of LAI was consistent with previous studies (Turner et al., 1999).  Trees with a higher LAIFM were older and larger with very different stand structure from stands with younger trees. Plots with high LAIFM had visibly larger crowns than plots with low LAIFM.  Additionally, the higher basal area and higher DBH in plots with high LAIFM suggest that the ratio of leaf area to sapwood area may be different or more variable among older trees and may require information about sapwood conductivity (e.g., Whitehead et al. 1984), ostructural/gravitational effects on water potential, or other physiological parameters to adjust LA:SA ratios for tree size and stand structure.  

Foliage Mass

Estimates of foliage mass provide theoretically the most unbiased values of foliage amount on the Panther Creek trees.  However, sampling error in estimating total foliage mass of a sample tree can arise from numerous sources.  As is typical of biomass studies, sample trees on which foliage mass was measured were not selected randomly from a clearly identified population or stratified by diameter class; therefore, the scope of inference is not clearly defined and biases are possible across tree diameter classes. The crown stratification and random branch sampling approach, however, should have provided an unbiased estimate of foliage mass on a given sample tree.    

Because the objective in this study was to estimate projected leaf area, a potential source of error in estimating LAI from foliage mass estimates is the value of specific leaf area (SLA) used to convert from foliage mass to leaf area.  The selected value 53.3 cm2/g was based on knowledge of the area and an understanding of the range in values of SLA for intensively managed Douglas-fir (e.g, Maguire and Bennett 1996).  However, SLA is known to vary across a number of environmental gradients.  The range of SLA for a given species is genetically pre-determined, but within a species SLA varies systematically with incident light intensity and hence position in the crown and overlying crown structure (Weiskittel et al., 2007; Marshall and Monserud, 2003; Borghetti et al., 1986).   Borgehetti et al. (1986) found variability in SLA between age classes and branch position in the crown, with values ranging from 85.357 (cm2/g) for current foliage in the bottom layer of the live crown to 50.648 (cm2/g) in the two-year age class of foliage at the top of the tree.  Weiskittel el al. (2007) found similar ranges in SLA for Douglas-fir.  Current foliage had an average SLA of 74.62 ± 19.07 (cm2/g), and four-year foliage had an average SLA of 57.81 ± 13.73 (cm2/g).   Foliage samples were not measured for SLA at Panther Creek, but 53.3 cm2/g seems to represent the low end of SLA that is typical near the top of Douglas-fir trees. This value of SLA therefore may underpredict average SLA for entire crowns and canopies, suggesting that the allometric estimates of LAI would be more likely underestimated than overestimated; yet, the allometric equations with this SLA clearly gave much larger LAI estimates that the other approaches. 

Creation of foliage mass equations specific to the Panther Creek watershed does provide an advantage over application of the regional equations previously available (e.g. Gholz et al. 1979). Several sources of potential error must be kept in mind when applying regional equations.  First, they were developed for sites outside of the Oregon Coast Ranges, so parameter estimates may be biased for Panther Creek. Additionally, sample sizes used for these biomass equations were typically small relative to the population for which they are estimating, and the target population itself is usually poorly defined; hence, variances may be large and the risk of potential bias by choosing a sample that is not entirely representative of the population must be considered.  Equations by Snell and Anholt (1981) were created for dominant and co-dominant trees, but applied to trees that ranged from suppressed to dominate at Panther Creek.  Equations by Gholz et al (1979) and Jenkins et al. (2003) only used DBH to predict FM, primarily because the former were being applied in unmanaged stands with little variation in stand density and, hence, a stronger correlation between DBH and crown length that is typical of young stands managed under a range of density regimes.  In the equation developed from the Panther Creek data, live crown length in combination with DBH and total height served as a surrogate for local stand density.   Stands managed at lower densities produce trees with longer crowns (Curtis and Reukema 1970) and hence greater foliage mass for a given DBH (Snell and Anholt 1981). The equation developed by sampling trees at Panther Creek can also account for local differences in attributes such as foliage density that typically cannot be accounted for by combinations of only DBH, total height, and crown length
ADD CROWN STRUCTURE DISCUSSION 

Conclusions

Stand LAI is a key attribute influencing actual and simulated forest evapotranspiration and net photosynthesis.  LAI is a variable and dynamic parameter that differs by  stand structure and changes over the course of stand dynamics.  Application of previously-developed allometric equations for estimating foliage mass and/or area lead to underestimates of large LAIs, and estimates based on light attenuation measured by the Li-Cor 2200 Plant Canopy Analyzer require calibration to provide reasonable values.  Until progress is made on current indirect estimates, the most reliable means to estimate LAI at the accuracy required for simulating physiological process is through direct and destructive sampling of the target population.  With efficient sampling designs, e.g., randomized branch sampling (Gregoire and Valentine 2008), this approach seems the most reliable for achieving the required accuracy in estimating LAI. Technologies such as LiDAR offer alternative methods (Zheng and Moskal 2009), but present some of the same challenges with distinguishing photosynthetic from non-photosynthetic surfaces.
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Table 1. Attributes of 22 sample plots associated with soil pits on the Panther Creek Watershed. TC "Table 2-1. Attributes of 22 plots sampled in association with soil pits on the Panther Creek Watershed." \f T \l "1" 
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200101 40 22 34.21
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26.00
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63.10

97.0571

200102 26 1 51.36

8.7 -

131.10

35.90

4.30 -

57.20

86.7927

200105 57 0 25.98

12.10 -

45.70

26.18

13.10 -

33.70

41.4637

200106 26 0 27.42
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53.00

22.44

3.80 -

38.10

40.2291

200108 30 0 44.54

23.50 -

74.6

37.15

27.70 -

46.10

62.5913

200109 17 2 64.30

5.50 -

118.90

45.28
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87.9122

200110 18 0 68.61

52.30 -

83.40
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84.2527

200111 31 0 42.35

13.50 -

74.30

32.20

14.60 -

43.60
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200201 101 2 27.72
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200208 37 0 39.70

10.30 -

71.50
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6.70 -

44.90

66.9142

200209 29 5 33.88

2.50 -

90.90

27.84

3.20 -

53.40

47.6550

200210 41 1 33.12

9.80 -

144.90

29.00

9.20 -

35.60

60.6578

200211 23 0 47.48

22.90 -

69.70

42.64

26.60 -

55.00

54.1473

200302 52 0 26.78

14.00 -

41.40

25.12

14.80 -

31.50

38.3006

200303 18 0 70.81
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42.93

14.30 -

57.10

104.7081

200306 46 0 33.42

21.20 -

47.50

31.82

26.70 - 

36.70

51.7638

200310 56 6 21.93

6.50 -
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1.60 -

21.90

31.0110

200313 32 2 27.60

3.70 -

42.50
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4.50 -

27.70
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Table 2. Plot-level parameter estimates and standard errors for estimating sapwood area at breast height from DBH (Equation 1). TC "Table 2-2. Plot-level parameter estimates and standard errors for estimating sapwood area at breast height from DBH (Equation 1)." \f T \l "1" 
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200101 0.2111 1.1277 0.0189 0.1230

200102 0.1887 0.8943 0.0197 0.0849

200105 0.4736 1.1095 0.0694 0.0567

200106 0.3732 0.9794 0.0685 0.0877

200108 0.2036 0.9298 0.0263 0.0774

200109 0.1757 1.0498 0.0091 0.0680

200110 0.1949 1.0848 0.0309 0.1691

200111 0.2140 0.9173 0.0569 0.1625

200201 0.2230 0.9825 0.0332 0.0741

200204 0.2128 0.7489 0.0489 0.0989

200205 0.2991 0.9011 0.0782 0.1051

200206 0.3322 1.1367 0.0693 0.0996

200207 0.1956 0.8844 0.0336 0.1001

200208 0.2166 0.9581 0.0364 0.0954

200209 0.2209 0.8062 0.0271 0.0605

200210 0.1417 0.6186 0.0214 0.0618

200211 0.5066 1.4985 0.0707 0.0981

200302 0.2948 0.8558 0.0645 0.0797

200303 0.1726 1.0350 0.0102 0.0839

200304 0.2517 0.8433 0.0832 0.1440

200305 0.3135 1.0663 0.0546 0.0797

200306 0.4779 1.0987 0.1287 0.1170

200309 0.2548 0.8661 0.0353 0.0705

200310 0.3530 0.8994 0.0496 0.0513

200311 0.2260 0.9563 0.0294 0.0750

200312 0.2365 0.8627 0.0491 0.0924

200313 0.2582 0.7682 0.0892 0.1349


Table 3. Parameter estimates, standard errors and associated p-values for estimating branch-level foliage biomass (Equations [2]), tree-level foliage biomass (Equation [3]), and tree-level foliage area from sapwood area at crown base (Equation [4]). TC "Table 2-3. Parameter estimates, standard errors and associated p-values for estimating branch-level foliage biomass (Equations [2]), tree-level foliage biomass (Equation [3]), and tree-level foliage area from sapwood area at crown base (Equation [4])." \f T \l "1"  
	Parameter 
	Estimate
	Standard Error
	P-Value

	β20
	-0.9171
	0.2203
	< 0.0001

	β21
	2.0396
	0.0776
	< 0.0001

	β22
	0.5535
	0.0792
	< 0.0001

	β30
	1.2615
	0.9867
	0.2173

	β31
	1.9255
	0.1124
	< 0.0001

	β32
	0.3858
	0.1083
	0.0022

	β40
	-34.2883
	16.758
	0.0548

	β41
	0.66009
	0.04182
	< 0.0001

	β4a1
	0.58770
	0.02401
	< 0.0001

	β51
	0.16499
	0.08805
	0.0764

	β52
	1.20179
	0.08661
	<0.0001


Table 4. Correlations between LAI estimates from light attenuation  (LAILicor), LA:SA ratios (LAISap_), and destructive sampling (LAIFolMass) TC "Table 2-4. Correlations between LAI estimated derived from light attenuation measured by the Li-Cor instrument, sapwood allometrics, and estimates of foliage mass on destructively sampled trees" \f T \l "1" .
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Table 5. Range in LAI estimates based on light attenuation (Li-Cor Tall Plant Canopy Analyzer), destructive sampling of felled trees for foliage mass, and two alternative LA:SA ratios.
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200101 3.45 11.1524

4.7615 3.8958 8.56 34.21 113.89

200102 3.82 8.3845

4.8125 3.9375 7.44 51.36 91.50

200105 1.64 3.5400

4.5625 3.7330 4.06 25.98 44.44

200106 2.09 4.3158

5.0082 4.0976 3.65 27.42 44.13

200108 3.91 5.9102

4.2250 3.4569 5.50 44.54 63.56

200109 2.57 10.3277

3.9892 3.2639 7.23 64.30 110.25

200110 3.95 8.4264

3.8577 3.1563 7.83 68.61 118.63

200111 4.09 6.7745

4.8548 3.9721 5.25 42.35 87.75

200201 2.75 6.9854

6.3509 5.1962 7.71 27.72 62.78

200204 4.69 4.5666

5.5214 4.5175 3.50 35.67 34.78

200205 4.37 4.6953

5.9523 4.8700 3.86 30.28 34.78

200206 3.87 6.1958

5.2044 4.2582 5.98 34.13 63.44

200207 2.42 4.0340

3.0048 2.4584 3.99 41.94 62.43

200208 1.99 6.6031

4.7230 3.8642 5.73 39.70 62.00

200209 4.53 5.5635

4.7845 3.9146 3.86 33.88 53.63

200210 2.08 5.1733

5.8252 4.7660 5.16 33.12 34.57

200211 2.63 5.2086

3.0220 2.4725 4.94 47.48 59.00

200302 3.08 3.6228

5.8906 4.8196 3.23 26.78 25.67

200303 3.13 11.4702

4.7456 3.8828 8.47 70.81 113.50

200306 4 4.8066

5.9191 4.8429 4.19 33.42 34.33

200310 5.29 3.1586

5.8967 4.8246 2.23 21.93 22.44

200313 3.73 2.6486

4.7214 3.8630 2.31 27.60 25.22


Table 6. Mean difference statistics for comparing methods of LAI estimation.
 TC "Table 2-6. Mean difference statistics for comparing methods of estimation of LAI." \f T \l "1" 
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Table 7. Ranges in LAI from the literature derived through multiple methodologies.

 TC "Table 2-7. Ranges in LAI from the literature derived through multiple methodologies" \f T \l "1" 
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Figure captions:
 TC "Figure 2-1: Map of the Panther Creek Watershed with location of soil research plots and delimitation of individual forest stands" \f F \l "1" Figure 1.
Map of the Panther Creek Watershed with location of soil research plots adjacent to the vegetation plots analyzed in this study for LAI, along with stands delineated by species composition, stand density, and age/tree size.

Figure 2.
Distribution of sample points for Li-Cor measurement of light attenuation.
Figure 3.
LAI estimates from Li-Cor measurement of light attenuation and leaf area:sapwood ratios plotted on LAI estimated by destructive sampling and local allometric equations. Perfect correspondence between indirect methods and felled tree sampling would be indicated by points on the 1:1 line.

Figure 4.
Comparison between estimates of LAI from alternative leaf area to sapwood area ratios (LA/SAx).
Figure 5a. Crown diversity as a function of LAI estimated directly from destructive sampling. 

Figure 5b. Crown diversity as a function of LAI estimated indirectly.
Fig. 1
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Fig. 2

[image: image1.png]SA, = BuBAT + 2y




Fig. 3
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Fig. 5
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 TC "Figure 2-6.  Comparison between estimates of LAI from varying sapwood area allometrics." \f F \l "1"  
Figure 5a. 
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Figure 5b.
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